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To understand how multiple phosphors in a mixture or stacked layers affect the performance of the remote-phosphor “scattered photon extraction 
(SPE)” white light-emitting diode (LED), a laboratory study was conducted with commercial yellow [quantum efficiency (QE) = 0.91] and red 
(QE = 0.59) phosphors in equal amounts. The highest light output was obtained when the longer-wavelength red phosphor was placed as the 
second layer. Experiments showed that when using two phosphors in an SPE package, several factors influence the performance: mixture or 
stacked layers; specific layer order; phosphor densities; phosphor external QE; overall spectral power distribution (SPD); phosphor excitation and 


emission spectra and efficiencies. 


hosphor-converted, InGaN-based white light-emit- 

ting diodes (LEDs) are now competing with tradi- 

tional light sources in a number of applications. 
However, to achieve the industry-set efficacy goal of 200 1m 
per watt, improvements are needed at several stages, 
including phosphor-conversion efficiency and extraction 
efficiency of phosphor-converted photons. Past studies have 
addressed synthesis methods to improve the phosphor 
quantum efficiency!” and placement of phosphor away 
from the chip to improve light extraction efficiency.>>) The 
scattered photon extraction (SPE) method, in which the optic 
between the chip and the remote-phosphor layer is tailored 
to extract the backscattered photons, has shown 60% 
improvement in phosphor-converted photon extraction.*) 
While light output and luminous efficacy improvements 
are essential, improvements are also needed in the color 
properties. Mixing a red phosphor, like SrS:Eu?+ or 
Sr)SisNg:Eu’+, with a green or yellow phosphor, like 
YAG:Ce**+, SrGa2S4:Eu?t, or SrSiz0,N7:Eu’*, is one way 
to improve color.°*) However, mixing several phosphors 
randomly can reduce efficiency through emission and 
reabsorption of light by different phosphor types.°?!*) As 
a solution, past studies have investigated stacked phosphor 
layers placed adjacent to the LED chip and concluded that 
placing the phosphor with “the lowest energy of excitation 
edge”!D— the longer-wavelength red phosphor—as the 
first layer above the chip results in higher efficiency due to 
reduced reabsorption.''"'4) This is because the overlap is 
avoided between the phosphor emission (“red”) from the 
first layer and the phosphor excitation (“green” or “blue”) 
from the second layer. It is not clear, however, whether the 
same rule of phosphor order applies to remote-phosphor 
configurations. The objective of the study presented here 
was to understand how multiple phosphors in a mixture or 
stacked layers affect the final performance of a remote- 
phosphor white LED, namely the SPE package, in terms of 
light output and color properties. 

Commercial YAG:Ce*+ (yellow) and SrS:Eu?*+ (red) 
phosphors were applied to three SPE lenses in different 
configurations and mounted on three high-power blue LEDs 
(Fig. 1). The SPE LED consists of transparent optics in 
the shape of an inverted pyramid with a layer of phosphor 
placed on the optics’ wide base. The SPE optics direct the 
blue LED radiation toward the phosphor layer, and this 
radiation is either absorbed, converted and emitted, or 
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Fig. 1. (Color online) SPE LED packages with multi-phosphor layer 
configurations: (a) Y-R (yellow first, red second); (b) R-Y (red first, yellow 
second); (c) YR random mixture. 
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Fig. 2. (Color online) Excitation and emission spectra of the yellow and 


red phosphors; emission spectrum of the “blue” LED excitation light 
source. 


scattered by the phosphor particles. Figure 1 illustrates three 
phosphor configurations: Y-R (yellow first, red second); R-Y 
(red first, yellow second); and YR-mixture (yellow and red 
randomly mixed into a single layer). Figure 2 illustrates the 
excitation and emission spectra of these two phosphors. The 
spectral power distributions (SPD) of the three SPE LED 
packages were measured using an integrating sphere with a 
spectroradiometer. In all cases, the amount of phosphor was 
kept the same, 10 mg for each lens. The amount of phosphor 
determines both the total amount of downconverted light and 
the ratio of forward to backward extracted light. !® 

To compare results, in addition to the experiment, light 
output and chromaticity values were calculated based on the 
theory proposed by Fran et al.,!® and optical ray-tracing 
analyses were conducted using LightTools™ software and a 
method similar to that used in an earlier study.'© 

The transmitted, Tr, and reflected, Re, radiant power 
from a single yellow phosphor layer, incident with a blue 
excitation light source, can be written as shown in Fig. 3,'>) 
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Fig. 3. (Color online) Transmitted and reflected radiant power passing 
through a single phosphor layer and multiple phosphor (yellow and red) 
layers. 


where Jp is the incident blue radiant power, œ and £ are 
phosphor absorption and scattering coefficients, respectively, 
k is the phosphor conversion efficiency, and p is the Fresnel 
reflection coefficient. ay or œg and ky or kg denote either a 
yellow (“Y”) or red (“R”) phosphor absorption coefficient 
and conversion efficiency when excited by “blue” photons, 
while Sy or Bp is the scattering coefficient. Light transmitted 
and reflected from a single phosphor layer will include blue 
(“B”) and yellow (“Y”) radiant power as shown in Fig. 3, 
where the coefficients a through d represent the amount of B 
or Y radiant power. For multiple phosphor layers (yellow 
and red), converted yellow radiant power from the first layer 
is divided into Y1 and Y2, where Y1 can be absorbed by the 
red phosphor because it lies within the absorption (excita- 
tion) spectral range of red phosphor, while Y2 cannot be 
absorbed by the red phosphor because it lies outside this 
range (Fig. 2). The ratio of Y1 to Y is denoted as u. The 
parentheses in the subscript (i.e., ær(yı) and kpry1)) denote 
the red phosphor absorption coefficient and conversion 
efficiency when excited by Y1 photons (Fig. 2). For blue 
radiant power incident on multiple phosphor layers, reflected 
and transmitted light will include some portion of the blue, 
red, and yellow (Y1 and Y2) radiations. These radiant 
powers can be written as shown in Fig. 3, where the 
coefficients e to / represent the amount of radiant power in 
each component of the spectrum (defined in Fig. 2). 

The total radiant power, including transmitted and 
reflected, can be written in the spectral form as 


S(A) = (e + DBA) + F + DN) 
+ (g + KOY) + (h + DRA). (1) 


From eq. (1), the luminous flux (lumen) can be calculated 
from!” 


© = Kn SAVAA. (2) 


where K,,, is a constant, V} is the relative photopic luminous 
efficiency function, and AA is the wavelength interval.'” 
The CIE 1931 chromaticity coordinates, x, y, and z, can 
be calculated using the three imaginary primary colors, 
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Fig. 4. (Color online) Chromaticity results on CIE 1976 UCS diagram 
for phosphor configurations of Y10-R10, R10-Y10, and Y10-R10 mixture 
from experiment, optical ray-tracing (simulation), and theory calculation, 
along with Y35-R6 and R6-Y35 from optical ray-tracing. 


Table I. Light output results in radiant energy and luminous flux for 
three phosphor configurations from experiment, optical ray-tracing 
(simulation), and theory calculation. 


Experiment Simulation Theory 
Phosphor 
P(W) (m) P(W) (im) P(W) (im) 
Y10-R10 0.102 27.8 0.099 26.6 0.108 29.6 
R10-Y10 0.089 17.5 0.082 15.7 0.092 17.4 
R10-Y10 mix 0.088 18.5 0.088 18.6 — — 


given by X = AJ S(A)x(4)A4; Y = hX S(A)y(4)A1; Z = 
hX S(4)z(4)A4; where h is an arbitrary constant, and x(4), 
y(4), and z(4) are the spectral tristimulus values from the 
appropriate color matching function.!” Finally, the (x,y) 
chromaticity coordinates can be converted to CIE 1976 
(u', v') chromaticity coordinates using the following relation- 
ships:!”) 


4x 9y 


/ d 


u = ; v= ——. 0) 
—2x + 12y + 3 —2x + 12y + 3 


Figure 4 plots the chromaticity values (u’, v’) of the output 
light on the CIE 1976 chromaticity diagram for the three 
phosphor configurations. The results from experiment, theo- 
ry-based calculation, and optical ray-tracing (simulation) 
agree well. The chromaticity values are quite different for the 
three phosphor configurations, even though the amount of 
yellow and red phosphors is the same in all cases. Table I 
shows the radiant power and luminous flux. Here again the 
results from experiment, calculation, and simulation agree 
well. The Y10-R10 package, where the longer-wavelength red 
phosphor is the second layer, yielded the highest light output 
among all three configurations: 15% more in radiant power 
and 59% more in luminous flux than the R10-Y10 package. 

This result is opposite of that found in a past study!” for 
an LED package with the phosphor layer in contact with the 
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Table Il. Optical ray-tracing (simulation) results of light output, in 
radiant watts and lumens, for three phosphor configurations with similar 
and dissimilar external quantum efficiencies. 


Simulation Simulation 
Phosphor QE(Y) = 0.91 QE(R) = 0.59 QE(Y) = 0.91 QE(R) = 0.91 
P (W) ® (Im) P (W) ® (Im) 
Y10-R10 0.099 26.6 0.108 28.8 
R10-Y10 0.082 15.7 0.105 21.3 
R10-Y10 mix 0.088 18.6 0.105 22.7 


chip, where a longer-wavelength red phosphor was used as 
the first layer and a shorter-wavelength blue phosphor was 
used as the second layer (R-B), yielding 21% more radiant 
power than the opposite phosphor configuration (B-R).!) 
The light output and the color properties depend on the SPD, 
which in this case depends on the composition of the relative 
radiant power of the phosphor-converted photons and the 
remaining pump (“blue”) photons. The likely reason for 
the difference in results is that in a conventional LED 
package where the phosphor is in contact with the chip, a 
significant portion of the converted photons from the first 
layer that are emitted backward are absorbed by the chip. 
However, in the SPE package, these backward-emitted 
photons are extracted out of the LED package, contributing 
to the total light output. In both types of package, the 
forward-emitted converted photons from the first layer 
will enter the second phosphor layer and undergo scatter- 
ing losses and absorption—-emission if the energy falls 
within the excitation energy range of the second phosphor. 
However, the SPE package contributes a greater proportion 
of photons from the first phosphor layer to the total light 
output, and therefore the first phosphor layer becomes the 
dominant layer. The red phosphor used in this study had 
lower external quantum efficiency (59%) than the yellow 
phosphor (91%). This could possibly explain the lower 
radiant power output of the SPE package with the R10-Y10 
configuration. 

Because the optical ray-tracing results matched well with 
the experiment, subsequent studies included only ray- 
tracing. A second study investigated the effect of each 
phosphor’s external quantum efficiency on the results. Here 
the yellow and red phosphors were assumed to have equal 
external quantum efficiencies. The results showed that the 
radiant power output is very close for all three configura- 
tions, while the luminous flux is different (Table II). This 
difference is a result of the different SPDs of light from the 
different phosphor configurations (Fig. 5). Different SPDs, 
when weighted by the luminous efficiency function, V(A), 
will yield different lumen values (Table II). 

Because many applications require white light with 
chromaticity values on or very close to the blackbody locus, 
a third study was carried out with different amounts of 
yellow (35mg) and red (6mg) phosphor to achieve ideal 
chromaticity values. Comparing Y35-R6 with R6-Y35, the 
results showed Y35-R6 was on the blackbody locus and had 
26% more radiant watts and 80% more lumens than R6-Y35, 
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Fig. 5. V(4) and SPDs of the three phosphor configurations with 
dissimilar external quantum efficiencies (from simulation). 


which had chromaticity values far below the blackbody 
locus (Fig. 4). 

In conclusion, when using two types of phosphor in an 
SPE LED package, several factors will influence the final 
performance, including: mixture or stacked layers; specific 
order of the layers; densities of the phosphor medium; 
external quantum efficiencies of the different phosphors; 
overall SPD; phosphor excitation and emission spectra and 
efficiencies. 
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